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OUTPUT PHASE MODULATION 
ENTRAINMENT CONTAINMENT FOR 

DIGITAL FILTERS 

RELATED APPLICATIONS 

This application is a continuation of and claims the bene?t 
of priority under 35 U.S.C. §120 to US. patent application 
Ser. No. 12/980,720, ?led Dec. 29, 2010, which application is 
a divisional of and claims the bene?t of priority under 35 
U.S.C. §120 to US. patent application Ser. No. 11/276,763, 
?led on Mar. 13, 2006, which applications are hereby incor 
porated by reference herein in their entirety. 

TECHNICAL FIELD 

This disclosure relates to digital ?lters used for feedback 
and echo cancellation, and in particular to method and appa 
ratus for digital ?lters employing entrainment containment. 

BACKGROUND 

A feedback canceller or an echo canceller is a system that 
eliminates, as much as possible, the output of a system from 
re-entering its input. In the case of an audio system having a 
microphone, an audio processing unit and a speaker (or any 
other audio transducer), it is known that the output signal can 
leave the speaker and come back to the input microphone by 
means of a physical acoustic path. This physical path where 
the output sound waves can propagate back to the input of the 
system is usually referred as “acoustic feedback path”. 
The reentrant signal can be perceived as an echo if the 

feedback path delay is long and the gain is low. This is usually 
the case of telecommunication systems such as speaker 
phones. The system used to reduce such artifact is usually 
known as echo canceller. 

If the feedback delay is shorter, but the loop gain is greater 
than one, it may cause a sustained oscillation. This is usually 
the case of hearing aids and ampli?ed mic/headset pairs. It is 
perceived as a loud whistle, which forces the user to remove 
the apparatus from his/her ears. It can also be perceived as a 
ringing artifact if the oscillation gets attenuated. The system 
used to reduce such artifacts is usually known as feedback 
canceller. 

Both echo canceller and feedback canceller are usually 
implemented as an adaptive system, whose goal is to match 
the system response of the acoustic feedback path. If the 
acoustic feedback path can be estimated, the feedback signal 
can also be estimated by supplying it with the output of the 
system. 
When an acoustic feedback control system is stimulated 

with a sinusoidal signal from the environment in an adaptive 
digital ?lter, the adaptive algorithm will correlate the output 
of the ?lter with the feedback signal and with the stimulus 
signal itself. This will cause a degraded response to the feed 
back signal. This phenomenon is called “entrainment” as the 
feedback canceller gets entrained by the stimulus signal. It 
happens with signals that have high autocorrelation between 
samples, such as sinusoidal signals and other periodic signals. 
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c. Entrainment increases the instability of the system. Once 

the periodic input stimulus is removed, the entrained 
system might immediately act as a feedback generator 
itself, which can cause sustained oscillation. This con 
dition can get worse the longer the periodic input signal 
is allowed to stimulate the system, as the coef?cients of 
some ?lter designs can grow inde?nitely. 

d. Entrainment degrades the response of a longer digital 
?lter. Under entrainment, the longer the digital ?lter, the 
worse its response because the smaller coef?cients at the 
tail of the ?lter are more sensitive to get mi stuned by the 
entraining input signal. 

What is needed in the art is an improved system for avoid 
ing or containing entrainment of digital ?lter designs. The 
system should be straightforward to implement in a variety of 
applications. 

SUMMARY 

The above-mentioned problems and others not expressly 
discussed herein are addressed by the present subject matter 
and will be understood by reading and studying this speci? 
cation. 
The present subject matter provides method and apparatus 

for entrainment containment of digital ?lter systems. The 
present subject matter relates to time domain and frequency 
domain embodiments for entrainment containment of digital 
?lter systems. Several embodiments are provided which 
relate to digital ?lters for acoustic feedback reduction. Some 
applications include hearing assistance devices, such as hear 
ing aids. 

For example, one such apparatus includes a sensor to 
receive sound and convert it to an electrical signal; an analog 
to-digital converter to convert the electrical signal into a digi 
tal signal; a summing node receiving the digital signal and an 
acoustic feedback compensation signal Y(Z) adapted to cor 
rect for acoustic feedback received by the sensor, the sum 
ming node providing an error signal E(Z) by subtraction of the 
acoustic feedback compensation signal Y(Z) from the digital 
signal; a signal processing module and a phase adjustment 
module processing the error signal E(Z) in series to produce 
an output signal X(Z); an adaptive ?lter including an adaptive 
algorithm receiving the error signal E(Z), the adaptive ?lter 
producing the feedback compensation signal Y(Z); a digital 
to-analo g converter providing an analog version of the output 
signal X(Z); and a receiver to output processed sound from the 
analog version, wherein the phase adjustment module gradu 
ally changes phase applied to the output signal X(Z). Various 
embodiments including phase adjustment modules which 
gradually changes phase between zero and 180 degrees are 
provided. One such module includes an all-pass ?lter. Various 
phase shift increments are performed from about 0.25 degrees 
to 25 degrees. Embodiments of 0.25 and 4, and 25 degree 
increments are some examples. Some examples include pro 
grammable phase changes. 

Another example provided has a phase adjustment module 
which gradually changes phase between zero and 360 
degrees. One such example is a pair of all-pass ?lters. Various 
phase shift increments are performed from about 0.25 degrees 

The entrainment causes several effects upon the perfor 
mance of the feedback canceller: 

a. Entrainment degrades the estimate of the feedback sig 
nal, because its response gets distracted to the auto 
correlated signal input. Therefore, the system has 
decreased feedback cancellation. 

b. Entrainment causes attenuation of the input stimulus 
signal. 
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to 25 degrees. Embodiments of 0.25 and 4, and 25 degree 
increments are some examples. Some examples include pro 
grammable phase changes. 

Frequency domain embodiments are also provided. Some 
applications include hearing assistance devices, such as hear 
ing aids. One such application includes a sensor to receive 
sound and convert it to an electrical signal; an analog-to 
digital converter to convert the electrical signal into a digital 
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signal; a frequency analysis module to produce frequency 
domain subband signals from the digital signal; a summing 
node receiving the frequency domain subband signals and 
acoustic feedback compensation subband signals AFC(k) 
adapted to correct for acoustic feedback received by the sen 
sor, the summing node providing error subband signals E(k) 
by subtraction of the received signals; a complex multiplier 
producing a gradually phase shifted version of the error sub 
band signals E'(k); a signal processing module to process the 
phase shifted error subband signals E'(k); a time synthesis 
module to produce time domain, processed, digital signals; a 
digital -to-analo g converter providing an analog version of the 
processed, digital signals; and a receiver to produce pro 
ces sed sound from the analog version; wherein the processed, 
digital signals are passed through a bulk delay and converted 
back into frequency domain signals to be used for acoustic 
feedback cancellation by an adaptive ?lter which produces 
the acoustic feedback compensation subband signals AFC(k). 

Various phase adjustments may be made, for example, in 
some embodiments the multiplier receives a gradually shifted 
phase signal from a phase shifter, and the phase shifter mod 
ule resets when reaching an aggregate phase of 360 degrees. 
Various phase increments include 4 degrees, 0.25 degrees, 25 
degrees, or any phase between about 0.25 degrees to about 25 
degrees. Various time-domain to frequency domain transfor 
mations can be used, including PET, and its inverse, the IFFT, 
can be used to get back into the time domain. In some 
examples the time and/or frequency analysis modules include 
a weighted overlap-add structure. Different adaptive ?lters 
designs may be used, such as an LMS adaptive ?lter design. 

Methods for entrainment containment are also provided. 
One method for entrainment containment, includes convert 
ing an analog sound signal into a digital signal; processing the 
digital signal using an acoustic feedback reduction loop; 
gradually changing phase of a forward feed of the feedback 
reduction loop; converting the processed digital signals into 
analog signals; and generating sound from the analog time 
domain signals. 

Different phase changes are possible. In one example, 
phase is changed at about 4 degree increments per sample. In 
one example, phase is changed at about 0.25 to about 25 
degree increments per sample. In various applications, larger 
phase shift increments are used to achieve more aggressive 
entrainment containment. In various applications, smaller 
phase shift increments are used to reduce artifacts. 
Some frequency domain methods include converting ana 

log sound signals into a plurality of digital, frequency domain 
subband signals; processing a gradually phase shifted version 
of the digital, frequency domain subband signals to create 
processed digital, frequency domain signals to reduce 
entrainment; converting the processed digital, frequency 
domain signals into analog time domain signals; and gener 
ating sound from the analog time domain signals. Some appli 
cations include gradually incrementing phase of the digital, 
frequency domain subband signals at 4 degree increments per 
sample. Some applications include gradually incrementing 
phase of the digital, frequency domain subband signals at 
about 0.25 to about 25 degree increments per sample. In some 
applications, larger phase shift increments are used to achieve 
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4 
be apparent to persons skilled in the art upon reading and 
understanding the following detailed description and viewing 
the drawings that form a part thereof, each of which are not to 
be taken in a limiting sense. The scope of the present inven 
tion is de?ned by the appended claims and their legal equiva 
lents. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 shows one example of signal processing in a time 
domain output phase modulator approach, according to one 
embodiment of the present subject matter. 

FIG. 2 shows one example of an all-pass ?lter for use in a 
time-domain output phase modulator approach, according to 
one embodiment of the present subject matter. 

FIG. 3 shows one example of an all-pass ?lter for use in a 
time-domain output phase modulator approach, according to 
one embodiment of the present subject matter. 

FIG. 4 shows a mapping of a variable q to variable a, foruse 
to control an all-pass ?lter for use in a time-domain output 
phase modulator approach, according to one embodiment of 
the present subject matter. 

FIG. 5 shows one example of a series of all-pass ?lters for 
use in a time-domain output phase modulator approach, 
according to one embodiment of the present subject matter. 

FIGS. 6, 8, and 10 demonstrate entrainment of a hearing 
assistance device upon reception of room noise and a 500 HZ 
tone and with the output phase modulator deactivated. 

FIGS. 7, 9, and 11 show a reduction in entrainment of an 
output phase modulator operating on the same systems as 
FIGS. 6, 8 and 10, respectively. 

FIG. 12 is a frequency domain approach to containing 
entrainment using output phase modulation, according to one 
embodiment of the present subject matter. 

DETAILED DESCRIPTION 

The following detailed description of the present subject 
matter refers to subject matter in the accompanying drawings 
which show, by way of illustration, speci?c aspects and 
embodiments in which the present subject matter may be 
practiced. These embodiments are described in suf?cient 
detail to enable those skilled in the art to practice the present 
subject matter. References to “an”, “one”, or “various” 
embodiments in this disclosure are not necessarily to the 
same embodiment, and such references contemplate more 
than one embodiment. The following detailed description is 
demonstrative and not to be taken in a limiting sense. The 
scope of the present subject matter is de?ned by the appended 
claims, along with the full scope of legal equivalents to which 
such claims are entitled. 
The present subject matter relates to methods and appara 

tus for entrainment containment in digital ?lter designs. The 
principles provided by this disclosure may be applied in the 
time domain or in the frequency domain. They may be applied 
in a variety of apparatus, including, but not limited to hearing 
assistance devices. Although the examples set forth herein 
relate to hearing assistance devices, those of skill in the art 
will understand other applications and variations falling 
within the scope of the present subject matter upon reading 
and understanding this speci?cation. The method and appa 

more aggressive entrainment containment. In some applica 
tions, smaller phase shift increments are used to reduce arti 
facts. 

This Summary is an overview of some of the teachings of 
the present application and not intended to be an exclusive or 
exhaustive treatment of the present subject matter. Further 
details about the present subject matter are found in the 
detailed description and appended claims. Other aspects will 
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ratus set forth herein are demonstrative of the principles of the 
invention, and it is understood that other method and appara 
tus are possible using the principles described herein. 

Time Domain Examples 

FIG. 1 demonstrates one example of an acoustic feedback 
cancellation system using a novel output phase modulation 
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according to one embodiment of the present subject matter. 
This system 100 can be adapted for use in audio applications, 
including but not limited to, hearing assistance devices. One 
application involving hearing assistance devices is the use of 
hearing aids. In such an application, the sound sensor 101 is a 
microphone or other acoustic sensor for receiving sound and 
converting it into electrical signals. Sensor 101 receives 
sound via the acoustic feedback path 130 and other sounds 
from outside the system. Acoustic feedback path 130 repre 
sents sound from the audio source 112 that reaches sensor 
101, thus making a closed loop feedback of acoustic sound. 
The audio source 112 is a receiver (also known as a speaker) 
for creating sound based on electrical signals presented to it. 
Applications besides hearing assistance devices are possible 
which employ the principles set forth herein. 

The AD block 102 of system 100 converts an analog input 
signal into a digital output signal. In various embodiments, 
the AD block 102 includes an analog-to-digital converter and 
may include various ampli?ers or buffers to interface with 
sensor 101. Digital signals representing the superposition of 
acoustic feedback and other sounds are processed by the 
closed loop system of block 120. 

The DA block 111 converts the incoming digital signal into 
an analog output signal. In various embodiments, the DA 
block 111 includes an digital-to-analog converter and may 
include various ampli?ers or signal conditioners for condi 
tioning the analog signal for the audio source 112. In hearing 
assistance devices, such as hearing aids, the audio source is 
called a “receiver.” In other applications the audio source may 
be a speaker or other sound transducer. 

Block 120 represents a simpli?ed ?ow of the digital signal 
processing of input signals from AD block 102. In one 
embodiment, block 120 is implemented using a digital signal 
processor (DSP) for echo cancellation/ feedback cancellation 
in the digital domain. The ?lter 108 is used to emulate the 
acoustic feedback path 130 in the digital domain. In various 
embodiments, an adaptive algorithm, such as an LMS algo 
rithm (least mean squares algorithm) 106 is used to tune the 
?lter 108 response such that it matches the acoustic feedback 
path 130 response. The estimated feedback signal, Y(Z), 109 
can then be generated by applying the output of the system, 
X(Z), 107 to the ?lter 108. The estimated feedback signalY(Z) 
109 is subtracted from the input signal in the digital domain 
using summer 105, therefore reducing the effects of the 
acoustic feedback path 130. 
Module 104 includes various different types of signal pro 

cessing that the system may employ. For example, in cases 
where the signal processing is for a hearing assistance device, 
module 104 is adjusted for the best hearing of the wearer of 
the device. In cases where the hearing assistance device is a 
hearing aid, module 104 provides hearing aid signal process 
ing. Such processing is known to include adjustments of gain 
and phase for the bene?t of the hearing aid user. 

In one embodiment, ?lter 108 is a FIR ?lter (?nite impulse 
response ?lter). Thus, an adaptive algorithm, such as the LMS 
algorithm is used to tune the FIR coef?cients based on the 
correlation of the input error signal E(Z) 113 and the output of 
the system X(Z) 107. In various embodiments, a bulk delay 
line is inserted between the output of the system and the FIR 
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6 
algorithms. The N-LMS algorithm is a variation of the LMS 
algorithm which also uses the power of both E(Z) and X(Z) 
signals to adjust the tuning step of the FIR ?lter, which is 
based on the correlation of the same two signals. The ?ltered 
X LMS algorithm is a variation of the LMS algorithm which 
uses ?ltered X(Z) and E(Z) samples to generate the correlation 
to tune the ?lter 108. 

Output phase modulator 110 is used to adjust the phase of 
the output of module 104 in the feedback loop to contain 
entrainment of the ?lter 108. It was discovered that by con 
trolled adjustment of phase of the output signal X(Z), entrain 
ment of the ?lter 108 can be reduced or avoided. The process 
can avoid coef?cient drift caused by entrainment and can 
correct coef?cients that have drifted due to an onset of 
entrainment. Various embodiments will be provided herein to 
show how phase may be adjusted to avoid entrainment. 

Output Phase Modulator using 180 Degree Switching 
One embodiment of the output phase modulator switches 

phase 180 degrees every half period of a periodic cycle time, 
T. One way to do this is using the following approach: 

salnpleicount = 0 

For every new output sample out(n) 
if (salnpleicount < T/2) 

out(n) = out(n) // Don’t do anything 
else 

out(n) = —out(n) // Reverse the output, 180 degrees out of 
if (salnpleicount=T) 

salnpleicount=0 
endif 

endif 
sampleicount = sampleicount + l 

By this approach, the same reversed output signal is 
applied to the ?lter 108 as well as the acoustic feedback path 
130. This causes the ?lter 108 coef?cients to keep the same 
correlation to the acoustic feedback path response, but it 
reverses the correlation of the same coef?cients to the peri 
odic input stimulus. The reversed correlation to the periodic 
input stimulus will cause the coef?cients to move to the 
opposite direction, therefore canceling the previous entrain 
ment drift. In this way, the entrainment effect is contained by 
making the coef?cients to move back and forth around the 
correct values, instead of allowing them to drift to improper 
(entrained) values. 
The output phase reversal in its basic version as described 

above illustrates its working principles, but, because of the 
abrupt change it causes in the phase of the signal, it generates 
audible artifacts. 

Another implementation of the output phase modulator 
110 looks for opportunities to change the phase, where it will 
not cause artifacts, thereby being unperceivable to the user. 
These windows of opportunity happen when there is “notch” 
in the signal power envelope. A notch detector constantly 
monitors the power envelope of the signal, and when it detects 
a notch, it ?ags the system an opportunity to reverse the phase. 
One implementation of the notch detector is to run two 

signal envelope detectors, a slow one and a fast one. The 
input, if the FIR is not long enough to accommodate the 
feedback path length, therefore being truncated. In one 
embodiment, ?lter 108 is an IIR ?lter (in?nite impulse 
response ?lter). Other ?lters may be used without departing 
from the scope of the present subject matter. 

It is understood that the LMS algorithm is not the only 
adaptive algorithm that can be used. Other such algorithms 
include, but are not limited to N-LMS and ?ltered X-LMS 
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magnitude of the slow envelope detector is compared to the 
magnitude of the fast envelope detector by means of division 
(or division approximation). In a variation of this embodi 
ment, subtraction of the outputs of the two signal envelope 
detectors may be used. The difference is a metric of the 
relationship between the slow one and the fast one. Other 
comparisons may be performed without departing from the 
scope of this subject matter. 
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If the slow envelope magnitude is bigger than the power of 
the fast enveloped magnitude by a certain threshold value, a 
notch is detected. 

The system described above works well for inputs having 
notches, such as for speech signals and music signals. But not 
as effectively on steady, constant amplitude sinusoidal inputs 
as they lack power envelope notches. The next embodiment 
provides an approach to accommodate different input signals. 

Single Stage Output Phase Modulator 
FIG. 2 shows a block diagram of a single stage approach to 

output phase modulation employing an all-pass ?lter. In one 
embodiment, the single all-pass ?lter is capable of different 
amounts of phase shift, and up to 180 degrees of phase shift. 
One such all-pass ?lter is shown in FIG. 3. This embodiment 
uses a single coef?cient, 0t, as a control of the overall phase 
adjustment. As 0t is adjusted from +1 to —1, phase is shifted 
from 0 degrees to 180 degrees. The system is stable and 
distortion free as long as 0t is varied in small increments. The 
transfer function for the embodiment of FIG. 3 is: 

The relationship between 0t and phase shift caused by alpha 
is non-linear and described by the equation: 

Phase shi?I—Z A TAN [((1—a)/(1+a))*TAN(M*6/2)], 
where 0 is frequency in radians. 

Thus, a ?rst order all-pass ?lter can be used to smoothly 
change the phase shift from 0 to 180 degrees by varying a 
from +1 to —1 and then back from —1 to +1. The a increment 
(or step size) produces a nonlinear phase shift, and so the 
empirical equation for 0t is: 

where q varies from 7 to 0 in small steps. 
FIG. 4 is a chart showing a nonlinear mapping of variable 

q to 0t. One example of q varying in small steps is q varying by 
0.001. Some examples of q and 0t in the extreme are: 
when q:7, (F1; and 
when q:0, (XI—1. 
In various embodiments, the system smoothly changes the 

phase of the output: from 0 degrees to 180 degrees, and then 
from 180 degrees back to 0 degrees. In some embodiments, 
this system smoothly sweeps the phase shift from 0 to 180, 
going through several intermediate values (1, 2, 3 . . . , 179, 

1 80). 
In various embodiments, different incremental changes in 

phase are employed. In one embodiment, phase change incre 
ments of 0.25 degrees to 25 degrees are programmable. In 
various embodiments, a ?xed phase change increment is 
employed. In one embodiment, a phase change of 4 degree 
increments is used. In one embodiment, a phase change of 
0.25 degree increments is used. In one embodiment, a phase 
change of 25 degree increments is used. The greater the phase 
change increment, the faster entrainment is compensated for 
and the larger the audible artifacts. Thus, smaller phase 
changes result in lower artifacts, but in slower compensation 
for entrainment. If transitions are made slowly, the transitions 
cause no perceivable artifacts. Other embodiments are pos 
sible without departing from the scope of the present subject 
matter. 

Implementations using all-pass ?lters change the phase of 
the input signal without changing its magnitude. The amount 
of phase shift can be controlled by slowly changing the coef 
?cient(s) of the ?lter. 

FIGS. 6 and 7 demonstrate ef?cacy of the single stage 
embodiment. These ?gures show an output of a digital signal 
processing system of a hearing aid sampling at 16 KHZ (simu 
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8 
lation) receiving a 500 HZ tone to demonstrate the effects of 
the algorithm on entrainment. FIG. 6 shows the hearing aid 
where the ?lter 108 is entrained by the 500 HZ tone. FIG. 7 
shows what happens when the present algorithm is enabled, 
thereby eliminating entrainment. 

Two-Stage Output Phase Modulator 
FIG. 5 shows a two-stage series of all-pass ?lters to achieve 

a 360 degree phase shift. The input is A(Z) and the ultimate 
output is B(Z). In varying embodiments, the ?rst and second 
?lters operate as follows: Both ?lters start off at zero degrees, 
then the ?rst all-pass ?lter begins sweeping from zero to 180 
degrees. Once the ?rst ?lter sweeps to 180 degrees, it stays 
there and the second ?lter begins sweeping from zero to 180 
degrees. The aggregate phase shift of the series ?lters is 360 
degrees. Upon reaching 360 degrees the second all-pass ?lter 
begins sweeping back to zero degrees. Upon reaching zero 
degrees, the second all-pass ?lter stops sweeping and the ?rst 
all-pass ?lter starts sweeping from 180 degrees towards zero 
degrees. When both ?lters are at zero degrees the process 
starts over again. 

It is understood that any number of combinations of ?lter 
adjustments designed to provide unity gain and sweeps from 
zero to 360 degrees total are provided by the disclosed struc 
ture. It is understood that the exact order of sweeping can vary 
without departing from the scope of the principles set forth 
herein. 

In various embodiments, different incremental changes in 
phase are employed. In one embodiment, phase change incre 
ments of 0.25 degrees to 25 degrees are programmable. In 
various embodiments, a ?xed phase change increment is 
employed. In one embodiment, a phase change of 4 degree 
increments is used. In one embodiment, a phase change of 
0.25 degree increments is used. In one embodiment, a phase 
change of 25 degree increments is used. The greater the phase 
change increment, the faster entrainment is compensated for 
and the larger the audible artifacts. Thus, smaller phase 
changes result in lower artifacts, but in slower compensation 
for entrainment. If transitions are made slowly, the transitions 
cause no perceivable artifacts. Other embodiments are pos 
sible without departing from the scope of the present subject 
matter. 

The equations in the previous section for coef?cient 0t are 
incorporated here. Now that two ?lters are used, the equations 
have an al and an (2 (one for each stage). The following 
algorithm identi?es the input of the ?rst ?lter as x1 and the 
input of the second ?lter as y1 (the output of the ?rst ?lter is 
y1). The output of the second ?lter is y2. The coef?cients for 
phase change of the ?rst ?lter are al and q1 and the coef? 
cients for the second ?lter are a2 and q2. 
An algorithm as follows may be employed: 
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-continued 

Thus, in the ?rst part of a cycle, the ?rst ?lter gradually 
changes the phase of the signal from 0 to 180 degrees and the 
second ?lter remains static (phase shift at 0 degrees). In the 
second part of a cycle the ?rst ?lter now remains static at 180 
degrees phase shift, and now the second ?lter sweeps from 0 
to 180 degrees. In the third part of the cycle, the ?rst ?lter 
sweeps from 180 degrees back to 0 degrees while the second 
?lter remains static at 180 phase shift. In the last and fourth 
part of the cycle, the ?rst ?lter remains static at 0 degrees, and 
the second ?lter sweeps from 180 degrees back to 0 degrees. 
The whole pattern repeats again for every T samples. 

FIGS. 8 to 11 demonstrate ef?cacy of the two-stage 
embodiment. These ?gures show an output of a digital signal 
processing system of a hearing aid sampling at 16 KHZ (simu 
lation) receiving a 500 HZ tone to demonstrate the effects of 
the algorithm on entrainment. FIG. 8 shows an envelope of 
the output of the hearing aid without the present algorithm. In 
FIG. 8, it can be seen that extra frequency is introduced during 
entrainment. FIG. 9 shows the effect of activating the algo 
rithm, which, besides envelope modulation, presents only the 
sinusoid with no extra frequency introduced. FIGS. 10 and 11 
are before and after spectral graphs of the output of the hear 
ing aid without and with, respectively, the algorithm on. It is 
straightforward to see entrainment and extra harmonics out 
put by the hearing aid without the present algorithm running 
on the hearing aid (FIG. 10). The entrainment is gone after the 
algorithm is turned on (FIG. 11). Thus, ef?cacy of the 
approach is established. 

Frequency Domain Examples 

FIG. 12 shows one embodiment of an output phase modu 
lation approach in the frequency domain. This system 1200 
can be adapted foruse in audio applications, including but not 
limited to, hearing assistance devices. One application 
involving hearing assistance devices is the use of hearing 
aids. In such an application, the sound sensor 1201 is a micro 
phone or other acoustic sensor for receiving sound and con 
verting it into electrical signals. Sensor 1201 receives sound 
via the acoustic feedback path 1230 and other sounds from 
outside the system. Acoustic feedback path 1230 represents 

20 

25 

30 

35 

40 

45 

50 

55 

60 

65 

10 
sound from the audio source 1212 that reaches sensor 1201, 
thus making a closed loop feedback of acoustic sound. The 
audio source 1212 is a receiver (also known as a speaker) for 
creating sound based on electrical signals presented to it. 
Applications besides hearing assistance devices are possible 
which employ the principles set forth herein. 
The AD block 1202 of system 1200 converts an analog 

input signal into a digital output signal. In various embodi 
ments, the AD block 1202 includes an analog-to-digital con 
verter and may include various ampli?ers or buffers to inter 
face with sensor 1201. Digital signals representing the 
superposition of acoustic feedback and other sounds are pro 
cessed by the closed loop system 1200. 
The DA block 1211 converts the incoming digital signal 

into an analog output signal. In various embodiments, the DA 
block 1211 includes a digital-to-analog converter and may 
include various ampli?ers or signal conditioners for condi 
tioning the analog signal for the audio source 1212. In hearing 
assistance devices, such as hearing aids, the audio source is 
called a “receiver.” In other applications the audio source may 
be a speaker or other sound transducer. 

FIG. 12 represents a simpli?ed ?ow of the digital signal 
processing of signals from sensor 1201 to audio source 1212. 
The “T” inputs to various modules indicate that such opera 
tions are synchronous in one embodiment. In one embodi 
ment, the processing is implemented using a digital signal 
processor (DSP) for echo cancellation/feedback cancellation 
in the digital domain. In the present frequency based 
approach, the frequency analysis modules 1222 and 1218 
convert digital, time domain signals into frequency subband 
signals (subband signals denoted with a “(k)” to indicate that 
the signal is subdivided into frequency bands for processing). 
Time synthesis module 1216 converts the subband frequency 
domain signals into time domain signals. One such approach 
for conversion includes, but is not limited to, the use of 
weighted overlap structures for discrete Fourier transforms 
(DFTs), such as those discussed in Mullirale Digital Signal 
Processing, by Ronald E. Crochiere and Lawrence R. 
Rabiner, Prentice-Hall, 1983, especially at Section 7.2.5, 
starting on p. 313, the entire book hereby incorporated by 
reference. One such approach is a fast Fourier transform 
(FFT) for conversion to the frequency domain and an inverse 
FFT or IFFT for conversion to the time domain. Other con 
version method and apparatus may be employed without 
departing from the scope of the present subject matter. 
The ?lter 1208 is used to emulate the acoustic feedback 

path 1230 in the frequency subband digital domain. In various 
embodiments, an adaptive algorithm, such as a sub-band 
LMS algorithm (least mean squares algorithm) 1206 is used 
to tune the ?lter 1208 response such that it matches the acous 
tic feedback path 1230 response. The estimated feedback 
signal, AFC(k) 1209, can then be generated by applying a 
delayed version of the output of the system, X(Z) 1207, to the 
?lter 1208. The bulk delay 1220 provides a time domain delay 
to X(Z) 1207, before converting the signals back into the 
subband frequency domain using frequency analysis module 
1218. The estimated feedback signal, AFC(k) 1209, is sub 
tracted from the input signal m(k) in the subband frequency 
domain using summer 1205, therefore reducing the effects of 
the acoustic feedback path 1230. 
Module 1204 includes various different types of subband 

frequency domain signal processing that the system may 
employ. For example, in cases where the signal processing is 
for a hearing assistance device, module 1204 is adjusted for 
the best hearing of the wearer of the device. In cases where the 
hearing assistance device is a hearing aid, module 1204 pro 
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vides hearing aid signal processing. Such processing is 
known to include adjustments of gain and phase for the ben 
e?t of the hearing aid user. 

In one embodiment, ?lter 1208 is a FIR ?lter (?nite 
impulse response ?lter). Thus, an adaptive algorithm, such as 
the LMS algorithm is used to tune the FIR coef?cients based 
on the correlation of the input error signal E(k) 1213 and the 
delayed output of the system X(z) 1207 which is converted to 
the frequency domain, S d(k). The bulk delay 1220 is between 
the output of the system and the FIR input, so that the FIR is 
long enough to accommodate the feedback path length, with 
out being truncated. 

It is understood that the LMS algorithm is not the only 
adaptive algorithm that can be used. Other such algorithms 
include, but are not limited to N-LMS and ?ltered X-LMS 
algorithms. The N-LMS algorithm is a variation of the LMS 
algorithm which also uses the power of both E(k) and S d(k) 
signals to adjust the tuning step of the FIR ?lter, which is 
based on the correlation of the same two signals. The ?ltered 
X LMS algorithm is a variation of the LMS algorithm which 
uses ?ltered S d(k) and E(k) samples to generate the correla 
tion to tune the ?lter 1208. 

Output phase modulator is comprised of phase shifter 1214 
and a complex multiplier 1210. The combination is used to 
adjust the phase of the input of module 1204 in the feedback 
loop to contain entrainment of the ?lter 1208. It was discov 
ered that by controlled adjustment of phase of the output 
signal E'(k) 1217, entrainment of the ?lter 1208 can be 
reduced or avoided. The process can avoid coe?icient drift 
caused by entrainment and can correct coef?cients that have 
drifted due to an onset of entrainment. Various embodiments 
will be provided herein to show how phase may be adjusted to 
avoid entrainment. In one embodiment, phase shifter 1214 
increments phase by a predetermined amount and cycles from 
0 to 360 degrees, then starts over again at 0 degrees and 
increments to 360 degrees. 

In various embodiments, different incremental changes in 
phase are employed. In one embodiment, phase change incre 
ments of 0.25 degrees to 25 degrees are programmable. In 
various embodiments, a ?xed phase change increment is 
employed. In one embodiment, a phase change of 4 degree 
increments is used. In one embodiment, a phase change of 
0.25 degree increments is used. In one embodiment, a phase 
change of 25 degree increments is used. The greater the phase 
change increment, the faster entrainment is compensated for 
and the larger the audible artifacts. Thus, smaller phase 
changes result in lower artifacts, but in slower compensation 
for entrainment. If transitions are made slowly (for example, 
around 1 Hz or less), the transitions cause no perceivable 
artifacts. Other embodiments are possible without departing 
from the scope of the present subject matter. 

Frequency Domain Enhancements 
Various enhancements can be made to the frequency 

domain embodiments set forth herein. For example, to reduce 
artifacts, the output phase modulation can be disabled for low 
frequencies. For example, the processing of certain subbands 
below a predetermined frequency threshold can disable the 
output phase modulator, since entrainment is generally not an 
issue at lower frequencies. In one embodiment, output phase 
modulation is disabled for frequencies below 1250 Hz. Vari 
ous frequency thresholds may be used without departing from 
the scope of the present subject matter. This approach also 
avoids phase change artifacts which are more noticeable at 
low frequencies. 

Another enhancement to the previous threshold frequency 
approach is to have a transition band where output phase 
modulation is optional depending on the energy detected 
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about the frequency of the threshold. This reduces or elimi 
nates audible artifacts arising from phase discontinuities due 
to switching the device output phase modulation on and off at 
the threshold frequency. One approach to performing the 
transition is to window the energy just below the threshold 
frequency (i.e., window the energy from about 750 Hz to 
1250 Hz). As energy increases in the window, program the 
system to disable output phase modulation at all frequencies 
and freeze the adaptive ?lter. As energy decreases, enable the 
output phase modulation and start adapting the ?lter again. In 
one embodiment, a window energy for frequencies between 
750 Hz and 1250 Hz is detected and compared with energy 
found in the otherbands. If the energy in the window is greater 
than the energy in the otherbands by 12 dB, then output phase 
modulation is disabled and adaptation is stopped. If the 
energy in all bands is less than a threshold energy, then output 
phase modulation is also disabled and adaptation is stopped. 

Other enhancements are possible without departing from 
the scope of the present subject matter. 
The output phase modulation system (OPM), for contain 

ing the entrainment effect was presented above. Various 
embodiments are provided which reduce the phase reversal 
artifact to unperceivable levels. The proposed embodiments 
reduce the effect of entrainment upon the ?lter 108 coef? 
cients and corrects coe?icient entrainment drift. The present 
subject matter improves feedback signal estimation, therefore 
improving the feedback cancellation. It avoids the attenuation 
of the input signal. It causes increased system stability by 
removal of the periodic input signal, the feedback canceller 
won’t act as a feedback generator as before. It avoids the 
inde?nite growth of the coef?cients, another cause of system 
instability when the system is being constantly stimulated by 
a periodic signal. It also allows longer ?lter (?lter 108 for the 
frequency domain approach, and/or ?lter 1208 for the fre 
quency domain approach) to be used; the effect of entrain 
ment upon the smaller tail coef?cient is reduced. Other ben 
e?ts are also enjoyed which are not enumerated expressly 
herein. 

These principles apply not only to the feedback canceller, 
but also to the echo canceller described above. Other appli 
cations may bene?t using the present principles set forth 
herein. 

It is understood that various hardware, ?rmware, and soft 
ware realizations are possible without departing from the 
scope of the present subject matter. Variations are also pos 
sible which do not depart from the present teachings. For 
instance, if a signal processor included analog to digital con 
version electronics, it is understood that FIG. 1, blocks 120 
and 102 could be realized by one signal processor. If a signal 
processor included a digital to analog conversion, then blocks 
120 and 111 may be realized by a single processor. Likewise, 
in FIG. 12, it is possible that any combination of blocks could 
be realized by a single processor. For example, if a signal 
processor included analog to digital conversion, then it could 
include A/D converter 1202 with the remaining portion of the 
system. If a signal processor included digital to analog con 
version, then the system could be realized in a single proces 
sor which would perform the system functions and that of 
D/A converter 1211. Thus, the examples set forth here are 
intended to demonstrate the principles of the present subject 
matter, but are not intended to be exclusive or exhaustive of 
the many variations and realizations possible. 

It is further understood that the principles set forth herein 
can be applied to a variety of hearing assistance devices, 
including, but not limited to occluding and non-occluding 
applications. Some types of hearing assistance devices which 
may bene?t from the principles set forth herein include, but 




